Background-The downward movement of the aortic root during the cardiac cycle may be responsible for producing the circumferential tear observed in aortic dissections. Methods and Results-Contrast injections were investigated in 40 cardiac patients, and a finite element model of the aortic root, arch, and branches of the arch was built to assess the influence of aortic root displacement and pressure on the aortic wall stress. The axial displacement of the aortic root ranged from 0 to 14 mm. It was increased in patients with aortic insufficiency (22Ϯ13% of the sino-tubular junction diameter versus 12Ϯ9%) and reduced in patients with hypokinesis of the left ventricle (10Ϯ9% of sino-tubular junction versus 17Ϯ12%). The largest stress increase due to aortic root displacement was found approximately 2 cm above the sino-tubular junction, where the longitudinal stress increased by 50% to 0.32 Nmm Ϫ2 when 8.9-mm axial displacement was applied in addition to 120-mm Hg luminal pressure. A similar result was observed when the pressure load was increased to 180 mm Hg without axial displacement. 
M ost aortic dissections occur with a transverse tear along the greater curvature of the aorta a few centimeters above the aortic valve. 1, 2 Because mechanical stress in the aortic wall is proportional to blood pressure and vessel diameter, hypertension and aortic dilation are known risk factors for dissections. Wall abnormalities may also promote dissections, [3] [4] [5] but similar alterations have been reported in normal aging and may not alone cause dissections. 5, 6 Interestingly, these factors fail to explain the transverse orientation and the common proximal location of the tear. This is important because aortic dissection will be prevented only when its underlying causes are better identified. We propose that aortic root motion may be an additional risk factor for aortic dissection, determining both the tear location and orientation by increasing the wall stress in a specific manner.
Several studies applying cinematography and contrast injections have visualized aortic root motion wherein the root is displaced downward during systole and returns to its previous position in diastole. 7 Recent cine-MRI studies in healthy subjects revealed an axial downward motion of 8.9 mm 8 and a clockwise axial twist of 6 degrees during systole. 9 The force driving the aortic annulus motion is the ventricular traction accompanying every heartbeat. This force is transmitted to the aortic root, the ascending aorta, the transverse aortic arch, and the supra-aortic vessels. 10 Thus, the aortic root motion has a direct influence on the deformation of the aorta and on the mechanical stress exerted on the aortic wall.
In the present study, our objective was to examine the role of the downward movement of the aortic annulus in the causation of aortic dissection. We first measured the extent of aortic root motion and then carried out a stress analysis of the aortic root, aortic arch, and supra-aortic vessels to investigate the influence of the aortic root movement on the aortic wall stress.
Methods

Measurement of Aortic Root Motion in Patients
Aortic root contrast injections on 35-mm cine films were analyzed in 40 patients (45 to 87 years old; mean age, 66 years) with coronary artery heart disease. Some patients had valvular disease, such as aortic stenosis or aortic insufficiency. Seventeen patients had undergone coronary artery bypass grafting, and 1 patient had a heart transplant. Other conditions noted were myocardial hypertrophy, left ventricular hypokinesis, and history of hypertension. No patients had aortic dissection or an obviously dilated aorta (Table 1) .
Most aortograms were done in left anterior oblique projection, some in right anterior oblique view. The aortograms were projected frame by frame, and the aortic root outlines in the most upward and downward positions were traced on a transparency (Figure 1 ). The base of 2 sinuses and the sino-tubular junction (STJ) were marked. After digitizing the drawings, the distances between the marked points ( Figure 1) were measured using Image-Pro software (Media Cybernetics). The downward motion (axial displacement) of the aortic root, perpendicular to the plane of the STJ, was normalized by expressing it as a percentage of STJ diameter.
Statistical Analysis
The correlations between the patients' parameters and the magnitude of aortic root motion were investigated. Because the sample size was small, the analysis done was univariate. The Shapiro-Wilk test indicated the distribution of the axial displacement was not normal. Therefore, the Wilcoxon rank-sum test was used to assess the influence of aortic stenosis, aortic insufficiency, hypertrophy, hypokinesis, and hypertension on the aortic root motion. Age and ejection fraction were examined using Spearman's correlation coefficient.
Stress Analysis of the Aortic Root, Aortic Arch, and Supra-Aortic Vessels
To study the effects of aortic root motion, a finite element model of the human aortic root, aortic arch, and supra-aortic vessels was built for stress analysis using ANSYS 5.7 software (ANSYS).
Geometry
A multipronged approach was adopted to create a model representing a general, rather than patient-specific, geometry. In the model, the distance between the root base and the brachiocephalic trunk was 70 mm, and the aortic root angle to the horizontal plane in the frontal view was 30 degrees. 11 The aortic root and the ascending aorta were modeled as curved cylinders by prolongation of the arch geometry. The actual shape of the sinuses of Valsalva was not represented because the aortic root was not the focus of the study.
The dimensions of the arch and proximal areas of the arch branches were measured previously in our laboratory from a silicone mold of a normal human aorta (S. Rao, unpublished data, 1994). The radii of the arch and the aorta were found to be 37 and 12.2 mm, respectively. The local aortic wall thickness (mean, 1.2 mm), the branches radii, and the local curvature radius and thickness at the bifurcations were implemented as determined by Rao.
To determine the arch spatial orientation, a 3D MRI reconstruction of the aortic arch and supra-aortic vessels was obtained at our center in a healthy volunteer. We found the aortic arch to lie approximately in a vertical plane oriented 20 degrees anteroposteriorly. The 3D reconstruction also established the geometry of the aortic arch branches.
Finite Elements
The model was discretized into 14 707 brick elements ( Figure 2 ). The material properties of the aortic wall were represented as homogeneous, incompressible, linear elastic, and isotropic, with a Young's modulus of 3 Nmm Ϫ2 (1 Nmm Ϫ2 ϭ1000 kPaϭ7500 mm Hg) and a Poisson's ratio of 0.49. For the aorta to deform in a physiological way, the distal ends of the supra-aortic vessels and the aorta were fixed in all directions, and stiffer material properties (Young's modulus of 12 Nmm Ϫ2 ) were used to increase the influence of the tethering at the distal ends of the aortic arch branches.
Loading
A luminal pressure of 120 mm Hg was the only load in the control model. Then, additionally, 8.9-mm axial displacement and 6-degree twist were applied to the aortic root base. Figure 2 shows the undeformed structure and the deformed shape outline under the combined loading conditions.
To compare the effect of root motion versus hypertension on the stress in the aortic wall, the analysis was also carried out for a luminal pressure of 180 mm Hg. Other loading conditions were implemented to investigate how increased axial displacement (15 mm), twist (14 degrees), and aortic wall stiffness (Young's modulus of 6 Nmm Ϫ2 ) may influence the aortic wall stress. Fourteendegree twist was reported in patients with aortic stenosis. 9 
Results
Magnitude of Aortic Root Motion in Patients
The downward axial displacement of the aortic root during the cardiac cycle ranged between 0% and 49% of the STJ diameter (Table 1) , with a mean of 15Ϯ11%. In most patients, the normalized axial displacement was between 0% and 20% ( Figure 3) .
Using the STJ diameter to scale the aortic root displacement was acceptable, because there were no markedly dilated aortae. To confirm this, we measured the STJ diameter and the axial displacement in a subgroup of 14 patients using the 6F (2-mm) angiocatheter diameter for distance calibration. We found the STJ diameters to be normal (25Ϯ4 mm) and the aortic root displacements to range between 1 and 14 mm.
Effect of Cardiac Pathology on Aortic Root Movement
Because patients with AI have increased stroke volume, they were expected to experience increased aortic root motion. Indeed, their root movement was found to be 22Ϯ13% of STJ, as opposed to 12Ϯ9% in patients without AI (Pϭ0.021).
Patients with left ventricular hypokinesis have reduced ventricular traction and therefore were expected to show reduced aortic root motion. Their root movement was significantly reduced to 10Ϯ9% of STJ, versus 17Ϯ12% in patients without hypokinesis (Pϭ0.042).
The effect of myocardial hypertrophy was uncertain, and it only showed a trend to increase the aortic root movement compared with patients without hypertrophy (24Ϯ10% of STJ versus 14Ϯ11%, Pϭ0.078). The fibrotic adhesions due to previous cardiac operations may have been responsible for reducing aortic root motion to 12Ϯ11% of STJ, compared with 17Ϯ11% in patients without previous operations (Pϭ0.094).
The axial root displacement was not correlated to patients' age or ejection fraction. A history of hypertension or aortic stenosis did not influence the aortic root motion.
Stress Analysis
Below we describe how the model deformed and how blood pressure, aortic root motion, and aortic wall stiffness influenced the stress exerted on the aortic wall.
Deformed Shape
Pressurization alone did not appreciably deform the model, but adding 8.9-mm axial displacement and 6-degree twist at the root base caused significant deformation, especially in the ascending aorta and the brachiocephalic trunk (Figure 2 ). In the vertically downward direction, this loading resulted in displacements of 7.5 mm at the root base and approximately 3 mm at the brachiocephalic trunk origin (Figure 4 ). In the direction perpendicular to the plane of the transverse arch, the loading induced displacements of 4 mm at the root base and approximately 2 mm at the brachiocephalic trunk level (Figure 4 ). Figure 5 shows the results for mechanical stress in the control model subjected to 120-mm Hg pressure. The stresses are averaged across the vessel wall thickness and displayed in the toroidal coordinate system attached to the aortic arch. Therefore, the specification of local orientation is only valid in the region of interest including the aortic arch and the ascending aorta. As expected, stress concentrations were present at the ostia of the supra-aortic vessels. Between the brachiocephalic trunk and the left common carotid artery (LCCA), the circumferential stress was approximately 0.40 Nmm Ϫ2 and the longitudinal stress was approximately 0.25 Nmm Ϫ2 . Above the STJ, the circumferential and longitudinal stresses in the aortic wall were 0.32 and 0.21 Nmm Ϫ2 , respectively ( Table 2) .
Stresses With Pressure Load, Without Aortic Root Motion
At a pressure of 180 mm Hg, the stress between the origin of the brachiocephalic trunk and the LCCA was approximately 0.68 Nmm Ϫ2 in the circumferential direction and approximately 0.27 Nmm Ϫ2 in the longitudinal direction. Above the STJ, the circumferential and longitudinal stresses were 0.49 and 0.34 Nmm Ϫ2 , respectively (Table 2) .
Stresses With Pressure Load and Aortic Root Motion
At 120-mm Hg luminal pressure, the circumferential and longitudinal stresses did not change markedly between the brachiocephalic trunk and the LCCA when aortic root motion was applied. The area where the most significant changes occurred was approximately 2 cm above the STJ; whereas the circumferential stress was unchanged, the longitudinal stress increased by 50%, up to 0.32 Nmm Ϫ2 with 8.9-mm axial displacement (Figure 6 ). At the highest value of axial dis- when the stiffness of the aorta was doubled to simulate the rigidity one may encounter in older subjects (Table 2) . Similar findings were observed with a pressure of 180 mm Hg. Adding 8.9-mm axial displacement increased the longitudinal stress above the STJ from 0.34 Nmm Ϫ2 to 0.41 Nmm
Ϫ2
. It rose additionally to 0.56 Nmm Ϫ2 with 15-mm axial displacement or to 0.57 Nmm Ϫ2 when the stiffness of the aorta was doubled without increasing the displacement (Table 2) .
With 15-mm axial displacement and 120-mm Hg luminal pressure, the longitudinal stress in the ascending aorta was even higher than with 8.9-mm displacement and 180-mm Hg pressure (Table 2) .
Aortic Wall Stiffness
Stiffening the aorta to simulate aging did not markedly increase the stresses in the aortic wall, except when aortic root motion was introduced, which increased the longitudinal stress in the ascending aorta (Table 2 ).
Twist
The twist was not found to appreciably influence the deformation of the aorta, nor did it significantly alter the circumferential and longitudinal stresses (Table 2) , even when the value of 14 degrees was implemented.
Discussion
Magnitude of Aortic Root Motion in Patients
Our measurements of the aortic annulus axial displacement from 2D angiograms (0 to 14 mm; 0% to 49% of STJ) were comparable with published 3D MRI measurements, ie, 6.4 to 11.3 mm in healthy subjects and 3.4 to 10.2 mm in patients with aortic regurgitation. 8 Relative measurements in terms of . In this control model, the only load was 120-mm Hg luminal pressure. Expected stress concentrations around the ostia of the supraaortic vessels were observed. In Stiff models, the elastic modulus of the aorta was 6 Nmm Ϫ2 instead of the 3 Nmm Ϫ2 in the other models. the STJ diameter were convenient and proved reliable provided that the diameter was kept in a normal range.
Effect of Cardiac Pathology on Aortic Root Movement
As expected, aortic insufficiency enhanced root motion, parallel to increasing stroke volume. In contrast, aortic root motion was reduced in cases of left ventricular hypokinesis, probably because of decreased ventricular traction. Multivariate studies in larger numbers of patients would be helpful to confirm these findings and examine the potential effects of other conditions, such as myocardial hypertrophy and previous coronary artery bypass grafting.
Applicability of the Model
To our knowledge, this is the first model examining aortic root motion, hypertension, and wall stiffness as factors modifying the wall stress in different areas of the aorta. Although the mold prepared for arch measurements was cast at 40-mm Hg pressure, the resulting geometry was considered valid at systemic pressure, for its thickness-to-radius ratio was close to 1:8, as seen in vivo. 12 Tissue anisotropy and residual stress were not addressed. The results were not markedly dependent on the mesh size. Indeed, doubling the element number to 30 951 changed the average stresses in the ascending aorta by at most 6.3%. The material model for the vessels was linear elastic for stress analysis with regard to the geometry at 80 mm Hg, ie, in the high modulus region. 13 The specific stress values found may be affected by the simplified material properties, but it is believed that the overall findings of the study are not.
The geometry of the model was comparable with a 3D MRI reconstruction and included the details of the ostia of the aortic arch vessels and changes in aortic wall thickness of a human sample. When the aortic root motion was enforced as described in the literature, 8, 9 proper tethering of the model made it possible to reproduce published data on the displacements perpendicular to the plane of the transverse aorta, ie, 3.5 mm at the aortic root level and 2.2 mm in the transverse region, 14 whereas the computed results were 4 mm and approximately 2 mm, respectively. The 3-mm downward pull at the brachiocephalic trunk origin also matched qualitative data gathered from cine-MRI.
Significance of Aortic Wall Stress
Like other arterial bifurcations, [15] [16] [17] the ostia of the aortic arch branches are areas of stress concentration, but they exhibit reinforced vascular architecture and are not typical locations of dissections. 1 In contrast, we showed that the right lateral aspect of the ascending aorta a few centimeters above the STJ experienced increased longitudinal stress with increased axial displacement, pressure, and aortic wall stiffness. This area may be at risk of tissue degeneration and intimal rupture. It is also where the band-like thickening of the pericardium is suspected of reducing the aortic mobility and enhancing wall stress. 1 A yield stress of 1.2 Nmm Ϫ2 was reported for the abdominal aortic wall in the longitudinal direction. 18 This may be a conservative estimate for the yield stress of the thoracic aorta, also known for having a lower breaking strength longitudinally than transversely. 19 In our model, the longitudinal stress reached only approximately half this value, but the probable weakness of the intimal layer was not considered. Regardless, as the ratio of longitudinal to circumferential stress increases, there may be an increased risk for a circumferential tear to develop, as observed in most aortic dissections. 1 Note that only average transmural stresses were reported here, because their gradient cannot be determined using the homogeneous wall hypothesis.
The postulate that aortic root motion and, ultimately, the force applied by the left ventricle play an important role in the development of dissections is supported by important clinical observations. Beavan and Murphy 20 found a dramatic increase in the aortic dissection rates among hypertensive patients treated with hexamethonium. This was attributed to the inotropic effect of hexamethonium on cardiac contractions. Considering our findings, hexamethonium may have increased aortic root motion and caused a higher incidence of dissections. Also, turkeys, known for their high blood pressure (up to 400 mm Hg), are prone to aortic rupture. In susceptible flocks, aortic ruptures can be prevented by administration of reserpine in a dosage with little effect on the blood pressure but effectively depleting cardiac catecholamines and reducing cardiac contractility. 21 It is important to state that root motion alone is only an indicator of the force that the heart exerts on the aorta. Thus, a large aortic root displacement may be well tolerated in a compliant aorta or may cause a disaster in a subject with stiffer aortic tissue.
Other Clinical Implications of Aortic Root Motion
As an aortic aneurysm dilates, the longitudinal stress in the bulb rises significantly and may cause rupture. 22 By additionally increasing the longitudinal stress, aortic root motion may enhance the chances of rupture of small aneurysms not considered for surgical intervention. Aortic root motion may also dislodge atherosclerotic debris from the aortic wall and cause strokes or other embolic events 23 or lead to accelerated degeneration of homografts, autografts, and bioprosthetic valves.
Conclusions
The aortic root motion has a direct impact on the mechanical stresses acting on the aorta. The longitudinal stress was found to increase critically in the ascending aorta above the STJ. This may explain why circumferential intimal tears and aortic dissections occur more often in this location. Functional downward displacement of the aortic root seemed to be as much of a risk factor for dissection as hypertension. Increased stiffness was also found to enhance the effects of root motion on aortic wall stress. For all the above reasons, in patients possibly at risk of dissection, aortic root movement should be considered an additional risk factor.
